Nanopore formation in silica, in which nanoparticles of metal compounds were embedded, was studied using analytical techniques such as SEM, XRD, XRF, XPS and nitrogen adsorption. Such metal compound nanoparticles formed between primary silica particles, providing micropores and mesopores caused by the formation of Si−O−M bonds (M = Al, Ni). Acid treatment dissolved the metal compound nanoparticles and destroyed the Si−O−M bonds, thereby increasing the micropore volume. The mesopore volume of the aluminium system increased on acid treatment, whereas that of the nickel system decreased.
INTRODUCTION
Sol-gel and template chemistries have led to an expansion of the scientific and technological aspects of silicas subsequent to the publication of Iler's collective works (Iler 1955 (Iler , 1979 . The progress of templating chemistry in the silica field is exemplified by the development of mesoporous silicas with regular structures, such as MCM Beck et al. 1992) , FSM (Yanagisawa et al. 1990 ) and SBA (Monnier et al. 1993; Zhao et al. 2000) . In addition, biomimetic silica materials (Cha et al. 1999 (Cha et al. , 2000 and fractal-shaped silicas (Aikawa et al. 1998 (Aikawa et al. , 1999 have been developed.
Because silica can be applied widely to a variety of technologies with different needs, there is an increasing demand to develop new types of porous silica. The silicas mentioned above were produced from sodium silicate or alkoxysilane. If nanoporous silica can be produced from different starting materials, such as silicon tetrachloride, it would be possible to extend the use of silicas to new applications. This paper describes a method for preparing nanoporous silica using dissolved metal compound nanoparticles produced using the spray reaction of silicon tetrachloride with microdroplets containing metal compounds.
EXPERIMENTAL
Droplets of sodium aluminate solution (1 mass% as Al) or nickel chloride solution (1 mass% as Ni) were generated at the rate of 60-65 g/h by an ultrasonic oscillator, during exposure to silicon *Author to whom all correspondence should be addressed. E-mail: isobe@fuji-chemical.jp. tetrachloride (SiCl 4 ) vapour. A nitrogen flow caused the SiCl 4 to evaporate at the rate of 12-14 g/h in a glass tube reactor as described in a previous report (Isobe and Kaneko 1999) . This mixture was passed through a quartz tube in a tube furnace and heated to 573 K -this is referred to as the dry process in this paper. Samples produced from aluminium and nickel compound solutions via the dry process are referred to below as SiO-Al(D) and SiO-Ni(D), respectively. Since these samples were collected from an area outside the heating point and at the end of the consecutive reaction, they were maintained at a temperature of ca. 373 K during the reaction time.
Other silica samples were prepared using the wet process as follows. The heated mixtures prepared using the dry process passed through the collection point for the dry-process samples and were immediately bubbled through water at a neutral pH to which sodium hydroxide had been added. The resulting mixtures were recovered by filtration, rinsing and vacuum drying. The wetprocess samples are referred to below as SiO-Al(W) and SiO-Ni(W), respectively. These wet-process samples were soaked in 1 N HCl at room temperature for 1 h and recovered by filtration, rinsing and vacuum drying. The acid-treated samples prepared from SiO-Al(W) and SiO-Ni(W) are designated as SiO-Al(A) and SiO-Ni(A), respectively. As a control reaction, samples were also prepared using the dry and wet processes with water instead of metal solutions. These samples are referred to as SiO-Cont(D) and SiO-Cont(W), respectively.
The samples obtained were characterized by scanning electron microscopy (SEM), X-ray fluorescence spectroscopy (XRF), powder X-ray diffractometry (XRD) and X-ray photoelectron spectroscopy (XPS). The pore characteristics of all the samples, other than those prepared by the dry process, were examined at 77 K using nitrogen adsorption techniques after initial treatment for 2 h at 423 K and 1 mPa.
RESULTS AND DISCUSSION
SEM images of the dry-process samples indicated that non-spherical sub-microparticles attach themselves to the silica microspheres, as depicted in Figure 1 , as determined using the Scherrer method, were 170 nm and 340 nm, respectively, thereby suggesting that the non-spherical materials attached to the silica microspheres were metal chloride crystals, even if the sizes were smaller than those from the SEM observations. As shown in Figure 3 , the XPS spectrum of SiO−Al(D) indicates that the maximum Si 2p peak occurred at 103.0 eV, which almost agrees with the values quoted in the literature (Binner and Zhang 2001) and the value for the control sample, SiO−Cont(D), whose spectrum is not shown here. On the other hand, the Si 2p peak for SiO−Ni(D) was shifted to 103.6 eV, suggesting a strong chloride ion influence.
The collection water in the wet process became more acidic as the reaction progressed. Aluminium and nickel compounds readily dissolve in acidic water and hence neutralization of the collection water through alkaline additions was necessary in the preparation of the metal compound-embedded silicas. The chlorine content in the wet-process samples tended to be low, although the metal content was somewhat high. As expected, aluminium or nickel compound nanoparticle-embedded silicas were produced with morphologies as depicted in Figure 1 The XPS spectra of SiO−Al(W) and SiO−Ni(W) (Figure 3 ) indicate that the Si 2p peaks were shifted to 102.5 eV and 102.4 eV, respectively. Since the chemical shift in XPS is induced by the difference in the valence electron density surrounding the atomic nucleus, the difference in the ionization potential of the valence electron between Si and Al or Ni influences the Si 2p peak shift. Since the ionization potential of Si is larger than that of Al and Ni, it follows that the Si 2p peak shift to the lower energy side in the systems under study means that Si−O−M (M = Al, Ni) entities have been formed.
Acid treatment of SiO−Al(W) and SiO−Ni(W) changed the particle morphology as shown in Figure 1 (Figure 3) . These results agree with those arising from XRF analyses. Figure 4 shows the nitrogen adsorption/desorption isotherms of the wet-process and acidtreated samples. The pore characteristics calculated from the adsorption data are listed in Table 2 . From the nitrogen adsorption studies, the properties of SiO−Cont(W) were close to those of nonporous silica (whose isotherm is not shown here). The SiO−Al(W) isotherm may be classified as type II, indicating the presence of micropores and relatively developed mesopores. Apparent hysteresis is observed in the P/P 0 region between 0.5 and 1.0. The SiO−Ni(W) isotherm was intermediate between types I and II, suggesting that the mesopore volume was not significant. The D-R plot for SiO-Al(A) indicated that its micropore volume was twice as large as that of SiO− Al(W), without any change occurring in the adsorption tendencies in the mesopore region. The micropore content of SiO−Ni(A) was also increased, although the total pore volume was almost similar to that of SiO−Ni(W).
The use of droplets containing metal compounds appears to be effective in producing porous silica particles because the control sample showed similar characteristics to non-porous silica. The mechanism for producing porous silicas in this system may be readily understood by following the silica particle formation procedure. Silicon tetrachloride vapour dissolves in the microdroplets of the metal compound solutions, with monosilicate ions being produced before heating during floatation. Polymerization of the monosilicate ions to produce primary silica particles as silica sol particles leads to the possible formation of a new Si−O−M−O−Si (M = Al, Ni) bond in the primary silica particles. Further research is necessary to clarify this point. When the primary silica particles aggregate to produce secondary silica particles as the final silica products, the metal ions present in the system may combine with the primary silica particles to produce bonds such as Si−O−M−O−Si. In addition, metal chloride nanocrystals (which are much smaller than those observed in SEM images) can be inserted between the primary silica particles. According to XPS results, such a process is common in aluminium and nickel systems. In the aluminium system, aluminium chloride nanocrystals are inserted in the spaces between the primary silica particles before the wet process. Once the aluminium chloride nanocrystals dissolve in the water present during the wet process and amorphous aluminium compound nanoparticles are produced, these spread throughout the space between the primary silica particles creating micropores and mesopores. The Si−O−Al bonds must be produced during neutralization. The micropore formation mechanism in the nickel system is the same as that in the aluminium system but with Si−O−Ni bonds also being produced during the wet process. However, mesopore volume as approximated by the calculation of the quantity V p − W 0 , was not as significant as in the aluminium system. This suggests that the distribution of nanocrystal-size nickel chloride was much smaller than that in the aluminium system. Amorphous nickel compound nanoparticles are mainly produced by the nickel chloride crystals that form on the secondary silica particles during the wet process. These amorphous nickel compound nanoparticles can contribute to the formation of mesopores.
Acid treatment of the aluminium system dissolved the amorphous aluminium compound nanoparticles and destroyed the Si−O−Al bonds to increase the micropore and mesopore volumes. On the other hand, acid treatment of the nickel system dissolved the amorphous nickel compound nanoparticles, and destroyed the Si−O−Ni bonds, thereby increasing only the micropore volume. However, such treatment mainly leads to the dissolution of the amorphous nickel compound nanoparticles attached to the secondary silica, thereby decreasing the mesopore volume.
